The angular dependence of the sticking coefficient of CHx projectiles on a prototypical amorphous hydrocarbon surface was studied using molecular dynamics. The resulting datasets are fitted to appropriate fit formulas to allow interpolation and lookup of sticking coefficients at arbitrary parameter values.
I. INTRODUCTION
The amount of tritium that will be retained in wall materials and redeposited layers can possibly limit the operation time of ITER before reaching a security limit [1] . Carbon eroded from the strike point tiles of the divertor will redeposit elsewhere in the machine, codepositing tritium. Making certain assumptions on particle transport and particle-surface interactions, transport simulations calculate how much eroded material will be deposited and where in the machine it will be deposited [2, 3] . Some of the key input parameters for transport codes that include surface effects are sticking and reflection coefficients of hydrocarbon species.
Experimental data for these parameters are scarce. It is known that stable species do not form layers at thermal energies. The sticking coefficient of thermal CH 3 radicals on a-C:H surfaces was determined to be 10 −4 [4] . Wang et al. [5] investigated the sticking of CH + x ions (x = 2, 3, 4) as fraction of ion energy in the energy range from 150 eV to 3000 eV, and found a decrease of the sticking coefficient with increasing number of hydrogen atoms in the molecular ion. All these experiments were performed with the projectiles impinging perpendicular to the surface. Similar MD studies were done for 45
• [6, 7] and 60
• [7] impact angle. In fusion experiments, charged particles are guided by the magnetic field, so shallow angles for the impinging species are common. To relate the experimental values at perpendicular incidence to the sticking coefficients at arbitrary angles, the sticking coefficient's functional dependence on the angle of incidence is required. Molecular dynamics (MD) offers a straightforward method to study particle-surface interactions on the atomic level. Since in many cases MD simulations are much easier to perform than experiments, they can be used to interpolate between experimental data and to provide information not accessible in the experiment. From MD a sufficient amount of detailed data can be extracted to determine a functional dependence of the sticking coefficient on the angle of incidence. Such parameterised functional dependences are potentially very useful tools for application in plasma boundary transport codes such as EDDY [2] and ERO [3] .
II. SIMULATION PROCEDURE
The impact of hydrocarbon ions on an amorphous hydrocarbon surface was simulated using the HCPARCAS code [8] utilising its implementation of the brenner-beardmore hydrocarbon potential. All simulations were performed independent of each other with only one impact per simulation and randomised starting conditions. By this noncumulative bombardment, a low flux to the sample is simulated. The sample utilised here is composed of 592 carbon and 394 hydrogen atoms. It is 14Å×14Å wide and 28 Å deep with periodic boundary conditions parallel to the surface. It resembles in its parameters (pair-correlation, C/H ratio, sp 2 /sp 3 ratio) experimental values of a-C:H samples bombarded with hydrogen atoms with hydrogen fluxes of 10 18 m −2 s −1 [9] . The sample creation is presented in more detail in [10, 11] . Due to the moderate flux extreme surface modifications as observed in [12] [13] [14] [15] may affect the surface properties. The sample temperature was held at 300 K during the simulation. At the beginning of each simulation, the projectile is placed 4 Å above the sample surface with a random position along the surface. The orientation of the projectile was randomised to average over orientation dependent effects found at very low energies [11] . The velocity components of the projectile were set according to the selected projectile energy and angle. Monoenergetic projectiles without internal vibrational or rotational excitations have been used. Additional energy of the internal degrees of freedom may affect sticking and sputtering, especially if the energy stored in internal degrees of freedom is comparable to the kinetic energy of the projectile(see [16] for an MD study using vibrationally hot D 2 projectiles). However, a noticeable contribution is only to be expected for low impact energies. Another point to be kept in mind is that a projectile impact can excite a travelling wave through the sample that can be reflected at the bottom of a finite sized sample. By analysing the velocity components of the atoms as function of the zcoordinate, the incoming wave can indeed be detected for higher impact energies, but the amplitude of the reflected wave was in all instances hidden within the thermal fluctuations. Therefore, an effect of the finite sample size on the results of the simulation is not to be expected. The simulation ran for 40000 time steps, corresponding to about 10 ps of simulated time. Angles are measured relative to the surface normal.
III. ANALYSIS
For atomic projectiles, the definition of the sticking coefficient is simple: The mean number of projectiles that stick to the surface. For molecular projectiles, this method has to be revised, since the projectile can break up at the surface. If only parts of the molecule stick, the above definition cannot be applied any more. To derive a quantity that is comparable to experiments, where layer thicknesses are measured, the change in the number of carbon atoms, which can be directly correlated to the layer thickness, is used as definition for the molecular sticking coefficient. Furthermore, the MD simulations enable us to distinguish sample and projectile atoms (even if they are indistinguishable in reality). This allows to separate two processes that take place simultaneously: the gross sticking of the projectile and the sputtering of sample material. The sum of these two yields, the net sticking coefficient, is the quantity that can be compared to experimental results. The immediate results from the molecular dynamics calculations are the positions and velocities of all atoms in the simulation. To obtain meaningful macroscopic quantities from this, a large number of simulation runs is required. For each parameter set, 1000 simulations runs were performed. This large number demands an automated analysis that decides whether a given atom is considered stuck or not. This was implemented by determining the distances of the atoms from each other. All atoms with a distance below 2 Å were considered bound to each other, resulting in a network of bound atoms. Disjoint network parts form molecules that are not bound to each other. Every atom that belongs to a molecule above the surface that is not bound to the original sample is considered reflected or sputtered (depending on its origin). To allow a relatively simple use of the data, the MD results are fitted with appropriate fit formulas. For the sputter yield of monoatomic beams, Eckstein [17] has established a fit formula for the angular dependence:
with
Angles must be given in radians for these formulas. The parameter E sp is the surface binding energy of the material. The best value for the surface binding energy of a-C:H was determined to be 2.8 eV [18] . (1) and (2) A fit formula for the gross sticking coefficient was already presented in [19] :
The parameters a 1 and a 4 of this formula are strongly anti-correlated. To prevent the fitting algorithm from using huge values in these parameters without a noticeable difference in the final χ 2 value, a penalty term was added that restricts the parameter a 4 to ±0.5. There is not real physics behind these formulas, but they can be used to interpolate and look up the data. The net sticking coefficient can be calculated form these two fit formulas as
The sticking of CH x species was calculated for x = 0 . . . 4 in the energy range from 20 eV to 100 eV and angles of incidence between 0
• and 90
• . Figure 1 shows the angular dependence of the gross and net sticking coefficient and the sputter yield for 100 eV CH 3 . Notice that the sputter yield is plotted inversely on the right hand axis. The principal angular dependence is similar for all investigated species and energies. The gross sticking has a broad maximum around perpendicular incidence and approaches zero for grazing incidence. The sputtering is relatively low at perpendicular incidence and raises to a maximum between 60
• and 70
• . At large angles of incidence (i.e. close to 90
• ), the sputter yields rapidly approaches zero. The resulting net sticking coefficient thus starts at a high value at perpendicular incidence and goes down to a minimum with net erosion near 75
• for datasets with sufficiently high energy. At grazing incidence, the net sticking coefficient goes back to zero. The solid lines in figure 1 are fits to the data according to fit formulas (1) and (2). The resulting fit parameters are compiled in tables I and II. Figure 2 shows the angular dependence of the net sticking coefficient of CH 3 for different projectile energies. For the lower energies, there is always net deposition and the two curves at 20 eV and 30 eV show almost identical behaviour. At 50 eV, the net sticking coefficient decreases for larger angles faster than the data for 20 eV and 30 eV. This is due to the increasing importance of sputtering. At 100 eV incident energy, the sputter yield exceeds the gross sticking coefficient for angles lager than 60
• , leading to net erosion between 60
• . A detailed analysis of the energy dependence at perpendicular incidence is given in [20] . The angular dependence of the net sticking coefficient is approximately similar for different choices of projectile species. The results for a selection of species are shown in figure 3 . All plots in figure 3 are for 100 eV projectile energy. They all show a net erosion range at large angles. However, while the stable CH 4 erodes only up to 0.2 car- bon atoms per impact, the radical projectile species with less hydrogen atoms erode successively more with CH eroding up to 0.4 carbon atoms per impact. The angle where the erosion yield is at its peak slightly shifts from CH 4 to the radical species, but given that there are only two data points in this region, this is probably insignificant. At perpendicular incidence, all projectiles behave very similar. Only for CH 2 , the net sticking coefficient is significantly lower at small angles up to 30
• , all other projectile species show no differences in this range.
V. CONCLUSIONS
Using molecular dynamics, a large database of sticking coefficients of different hydrocarbon projectiles was computed. The energy of the projectile ranged from 20 eV to 100 eV and the angle of incidence was varied from perpendicular incidence to 88
• . To compress and interpolate the data, analytical formulas (1) and (2) were fitted to the MD data. The corresponding fit coefficients are compiled in tables I and II. At sufficiently high energies, erosion dominates the surface processes for angles of incidence larger than 60
• . For smaller angles, the behaviour is nearly independent on the projectile species. 
